Summary Two hybrid poplar maternal half-sib families, resulting from controlled crosses of the female parent Populus deltoides 'S9-2' with P. nigra 'Ghoy' and P. trichocarpa 'V24', were grown at three sites: northern Italy, central France and southern England. Juvenile stem growth traits (height, circumference and volume) and sylleptic branchiness (number of branches, density of branches per unit of stem height, percentage of the stem carrying branches and distance of the highest sylleptic branch to the top of the stem) were measured on 1-year-old shoots. Our general objectives were to determine the degree to which the expression of stem growth and syllepsis and the relationships between them are affected by environmental conditions and to evaluate the efficiency of indirect selection for stem growth using branching traits as secondary criteria. The performance of both families differed significantly within and between sites. Pronounced heterosis was observed and highly significant genotype × environment interactions were found for all traits across the sites. Syllepsis showed more marked genetic variation and plasticity than stem growth traits. Relationships between sylleptic branchiness and stem growth depended on environmental conditions. Heritability values at the individual level ranged between 0.09 and 0.59, but genetic gain in stem volume was not significantly improved when selection was based on sylleptic branch characteristics. However, despite strong phenotypic plasticity among sites, genotypic ranking among the sites was relatively stable.
Introduction
Poplar has proved to be extremely well suited to biomass production because of its rapid juvenile growth (Bergez et al. 1989) , high photosynthetic capacity (Barigah et al. 1994 ) and superior growth performance (Heilman et al. 1994 , Hansen 1991 . The increasing interest in intensive poplar culture requires a better understanding of the key determinants of productivity in Populus and of the ways that productivity can be improved by genetic modification and cultural management .
Crown architecture of trees and canopy density, as measured by the number of branches per unit of stem height, are intimately related to stand productivity. Crown architecture determines leaf display, leaf distribution and canopy density, and therefore influences light interception (Hallé et al. 1978) . It has been demonstrated that the main factor giving rise to the high leaf area index of poplars is sylleptic branching , Wu and Stettler 1998 , Rae et al. 2004 . Sylleptic branches result from the development of newly initiated lateral axes without the apical meristem of those axes passing through a dormant period (Remphrey and Powell 1985) . Sylleptic branches translocate a larger proportion of carbon to the stem than proleptic branches (ScarasciaMugnozza 1991) , which result from the discontinuous development of new lateral axes, having apical meristems that experience a period of dormancy (Hallé et al. 1978) . Thus, branch traits, such as syllepsis versus prolepsis, have been incorporated in the formulation of the poplar breeding ideotype for biomass production, i.e., idealized phenotype (Dickmann 1985 , Dickmann et al. 1994 ). However, some genotypes are characterized by exceedingly rapid stemwood growth and yet do not display syllepsis. Hence, it is possible to select fast growing clones with or without sylleptic branching according to the final objective of the selection process, for instance for production of stems with superior quality (i.e., selection ideotype).
Suitable species for most European and North American conditions are P. deltoides Bartr. ex Marsh., P. trichocarpa Torr. & Gray and P. nigra L. Most of the commercial clones planted throughout Europe are derived from interspecific crosses between P. deltoides and P. nigra (= P. × canadensis Moench), or between P. deltoides and P. trichocarpa (= P. × generosa Henry), or their backcrosses (Dickmann and Stuart 1983, Cervera et al. 2001) . Interspecific hybrids exhibit positive heterosis, i.e., superiority of hybrids for a trait over the midparent value or value for the better parent (Hayes 1952 , Ridge et al. 1986 . Although few data exist concerning the branchiness of P. nigra compared with the P. trichocarpa and P. deltoides, P. trichocarpa is known to differ significantly from P. deltoides in many morphological, anatomical and physiological traits, especially in branching habit (Hinckley et al. 1989, Wu and . Syllepsis is common in P. trichocarpa, but rare in P. deltoides. Moreover, P. trichocarpa is known to have higher height to diameter ratios than P. deltoides .
A common approach to determining the genetic basis of productivity and to identifying efficient early predictors of biomass production is (1) to estimate the extent of genetic variability available within different species; and (2) to study interspecific hybrids, with a view to determining how the combination of qualities of the parental species can give rise to hybrid vigor under particular environmental circumstances.
Consideration of genotype × environment interactions is important when formulating a forest tree breeding program, especially in the case of hybrid poplar, because poplar stands are generally propagated as clones, which have limited population buffering and thus limited capacity for homeostasis (Namkoong et al. 1988) . Genotype × environment interactions may result in genotypes ranking differently in different environments, whereas in its absence, rankings will remain the same even if absolute productivity varies greatly from one environment to anothe. In the latter case, plants selected for superior performance in one environment will show superior performance in other environments. Genotypes that perform well across environments are preferred to genotypes whose relative performance is good under only a limited range of conditions.
Most reports indicate that low heritability for any of the traits reflecting biomass production is explained by high genotype × enviroment interactions, and that most of the interactions occur at the individual rather than at the family or provenance level (Li and Wu 1997 , Wu and Stettler 1997 , Lin and Togashi 2002 .
To obtain information on genotype × site (G × S) interactions and the genetic background of different ecophysiological yield determinants in poplar, five intra-and interspecific Populus hybrid families were planted at three sites in Europe within the framework of an EC-funded research program (POPYOMICS; http://www.soton.ac.uk/~popyomic/). In this paper, we present data from two hybrid maternal half-sib families resulting from controlled crosses of the female parent Populus deltoides 'S9-2' with P. nigra 'Ghoy' and P. trichocarpa 'V24' respectively, grown at three sites across Europe (northern Italy, central France and southern England). The general objectives of the study were: (1) to determine the degree to which the expression of stem growth and syllepsis, and the relationships between them, are affected by environmental conditions (i.e., plasticity as defined by Sultan 1987) in both families; and (2) to evaluate the efficiency of indirect selection for stem growth using branching traits as secondary criteria. To achieve these objectives, we proceeded in three steps: first, we elucidated the relationships between sylleptic branchiness and yield in two families; second, we determined how these relationships vary in response to environmental conditions; and third, we estimated the components of phenotypic variability for traits related to plant growth and sylleptic branching at three sites.
Materials and methods

Plant materials
Two hybrid F 1 interspecific Populus maternal half-sib families were studied. One family consisted of 180 P. × canadensis genotypes resulting from an interspecific cross between P. deltoides 'S9-2' and P. nigra 'Ghoy' (D × N family) (Cervera et al. 1996 (Cervera et al. , 2001 ). The second family consisted of 182 P. × generosa genotypes and was generated from an interspecific cross involving the same female parent P. deltoides 'S9-2' and P. trichocarpa 'V24' (D × T family). Both crosses were made in 1987 by the Institute of Forestry and Game Management (IBW, Geraardsbergen, Belgium) and repeated in 1995 to increase the number of progeny. Cuttings were produced from stoolbeds of the same age and coppiced for the same number of years.
Experimental design
A randomized block design was used for the establishment of the experimental plantations in April 2003. For each family, six complete blocks were defined and one replicate of each F 1 genotype and of the parents was randomly assigned to each block. Initial spacing was 0.75 × 2 m. A double border row was planted around each family. The field trials were established from 25-cm uniform cuttings. The sites were irrigated and treated with insecticides and fungicides as necessary throughout the growing season.
Site description
The experimental plantations were located in northern Italy at Cavallermaggiore, central France at Ardon and southern England at Headley (Table 1) . Elevation of the plantations ranged from 60 to 285 m. Mean temperatures during spring and summer 2003 increased from the northern to the southern sites and decreased from the south to the north during fall. Rainfall amounts in France were higher during spring and summer but less during fall compared with the other sites. Overall, annual rainfall increased from the south to the north.
Traits measured
Various architectural traits were measured at the end of the first growing season, between January and March 2004, for the six replicates of each F 1 and parent (P) genotype. Stem circumference was measured at 1 m above ground level. Stem volume was calculated for each stem from stem height and circumference assuming a conical shape (Pontailler et al. 1997) . The number of sylleptic branches per stem was counted, and the heights of the lowest and highest sylleptic branches on the stem were determined. Sylleptic branch traits (i.e., branch density along the stem, percentage of the stem height carrying branches and distance of the highest sylleptic branch to the top of the stem) were calculated as described in Figure 1 .
Data analyses
Statistical analyses were performed with SPSS software (SPSS, Chicago, IL). Means were calculated with their standard error. For each family, data were evaluated by analysis of variance according to the following models.
(1) For within site comparisons: Y ij = µ + B i + G j + ε ij , where µ is the general mean, B i is the effect of block i considered as fixed and G j is the effect of genotype j considered as random. The block effects were significant (P < 0.05) for all data, all sites and both families. Variance components of random effects (σ 2 G and σ 2 ε ), genetic parameters and their standard errors were calculated by equating observed mean squares and solving the resulting equations (Henderson 1953) .
(2) For between site comparisons: Y′ jkl = µ + G j + S k + G × S + ε jkl , where Y′ jkl are individual values adjusted for within site block effects (Y′ = Y -B i , where B i is the estimated effect of block i), µ is the general mean, G is the genotype effect (random), S is the site effect (random) and G × S is the genotype by site interaction effect (random). To quantify the relative importance of each effect, variance components σ 2 G , σ 2 S , σ 2 G×S , and σ 2 ε , were calculated by equating observed mean squares to expected mean squares and solving the resulting equations (Henderson 1953) .
Family means were compared by ANOVA. Parental performances and site means were compared by Scheffé method. All statistical tests were considered significant at P ≤ 0.05.
For each family, mean heterosis or hybrid vigor was expressed as the percentage of the mean of the best parent . Broad-sense heritabilities (H 2 ) were estimated for each site on a genotype basis,
, where n i is the mean number of individuals per genotype, and on an individual basis, (Nyquist 1991 , Riemenschneider et al. 1996 can be considered a reference value, calculated for one individual, and more easily comparable to literature values. The standard errors of broad-sense heritabilities were calculated as described by Singh et al. (1993) . The larger the G × S interaction of a given genotype, the less stable and predictable is its performance in different environments. A common measure for this type of stability is given by the relative ecovalence of the genotype (Wricke 1962 , Brancourt-Hulmel et al. 1997 
2 for a given genotype j evaluated at k sites. The relative participation of each site in the G × S interaction can be measured by the relative ecovalence of the site
Phenotypic plasticity refers to the degree to which the phenotypic expression of a genotype varies under different environmental conditions (Via 1984 , Sultan 1987 . When the ANOVA showed significant G × S interaction effects, the change in genotype ranking across sites was described by the Spearman rank coefficient on genotypic means for each site. Genetic correlations between traits (r g ) were calculated from the variance-covariance matrices obtained from the MA-
, where Cov G (x,y) is genetic covariance between traits x and y, estimated by equating the mean co-products with their expected values according to the Henderson III procedure.
Predicted gain from direct selection based on clone means for trait x was derived from a general genetic gain model (Falconer 1989 , Ollivier 2002 :
, where i represents standardized selection intensity and σ p(x) equals the square root of σ
ε /n i )). A 10% selection intensity (i = 1.755) was used in all comparisons. Predicted genetic gain for trait x from indirect selection on clone means for trait y was calculated as follows (Falconer 1989) : R x/y = r g (σ Gx /σ Gy )R y/y . To study how one or more associated traits could combine with the trait of interest to enhance the selection precision of this trait x, we constructed the following linear equation:
where C is a vector of covariances between the p associated traits and the genetic value being predicted, V p -1 is the matrix of variances and covariances of the p clone mean predictors and P is a vector of clone means observed for the p associated traits. The G estimated is a good predictor of the true genetic value (BLUP method; Henderson 1963) . The precision of predicted genetic values is measured by the correlation between the predicted and true genetic values Corr (G x , G estimated x ), where Corr (G x , G estimated x ) = C′V p -1 C/σ Gx . This correlation, named multivariate heritability H 2 mult , has the same meaning as the clonal mean heritability H 2 genotype in the direct univariate case. Gain in precision using associated traits was measured by the corresponding number of supplemental replicates necessary to achieve the same precision,
Results
Survival
For both families, survival was significantly lower in Italy than in France and the U.K. (Table 2 ). Within the Italian plantation, mortality was twice as high in the D × N family than in the D × T family. For the three sites and both families, the mean number of available replicates per genotype was > 3 (Table 2) .
Within-site variability
Comparison of family performance At the three sites, significant differences between mean performances of the two families were observed for all studied traits (P ≤ 0.001) ( Table 3) . The Populus deltoides × P. trichocarpa (D × T) family showed significantly higher values for all traits than the P. deltoides × P. nigra (D × N) family. Notably, stem volume was twice as high for the D × T family than for the D × N family in France and in the U.K.. Stem volume is strongly correlated to stem dry biomass in both 1-and 2-year-old poplar plants (Pontailler et al. 1997 ).
Comparison of hybrid and parent performance Parents of both families showed significant differences in growth and sylleptic branchiness (Table 4) . Overall, the P. nigra 'Ghoy' male parent and the P. deltoides 'S9-2' female parent did not differ irrespective of site, whereas the P. trichocarpa 'V24' male parent was more vigorous than either of the other parents in France and the U.K., but less vigorous than the other parents in Italy. Both families showed hybrid vigor in growth traits compared with their best performing parent. On average, heterosis was greater for the D × T family than for the D × N family. However, heterosis for height and circumference was low in Italy for the D × N family and low in France and the U.K. for the D × T family, because the performance of the male parents was similar to that of their progeny at these sites. Heterosis for syllepsis was significant at all sites for the D × N family, except for density of sylleptic branches per unit of stem height in France, whereas heterosis was > 100 only in Italy for the D × T family.
Within-family variability All traits showed normal distributions for both families at all sites (shown for stem volume, sylleptic branch density and zone in Figure 2 ). Genetic variability of growth traits was greater for the D × T family than for the D × N family (Table 5 ). In contrast, genetic variability for sylleptic branchiness was greater for the D × N family than for the D × T family. Overall, for the D × N family, the expression of variability was maximal in Italy. All traits of the two families showed poor to moderate broad sense heritability (H 2 ) expressed both at the genotype and individual levels at the three sites (Table 5) . For both families, the highest values of H 2 individual and H 2 genotype were observed for stem height and circumference and for number and density of sylleptic branches.
Between-site variability
Comparisons between sites All traits of both families showed highly significant differences between sites (P ≤ 0.001), except for the number of sylleptic branches of the D × T family (Table 3) . Overall, the D × N family was significantly more vigorous in Italy, whereas the D × T family was significantly more vigorous in France and the U.K. For the D × N family, number, density and zone of sylleptic branches were significantly lower in France than in Italy and the U.K. Similarly, the Table 4 . General means and standard error (± SE) and significance of differences among sites and between parents for traits related to stem growth (height, circumference and volume) and sylleptic branchiness (total branch number and number of branches per unit of stem height) for parents, P. nigra 'Ghoy', P. deltoides 'S9-2' and P. trichocarpa 'V24' for the three experimental sites: Cavallermaggiore, Italy (I); Ardon, France (F); and Headley, U.K. (UK). For each trait and each cultivar, significant differences among sites are symbolized by different small letters (Scheffé test, a = 0.05). For each trait and each site, significant differences between cultivars are symbolized by different capital letters (Scheffé test, α = 0.05). Non-significant differences between cultivars or between sites are indicated by 'ns'. In Italy, only one replicate of P. deltoides 'S9-2' was alive. The female parent P. deltoides 'S9-2' showed comparable values at the three sites for all traits (P > 0.05; Table 4 ). The male parents exhibited similar growth responses at the sites as their respective progenies: P. nigra 'Ghoy' showed the best adaptation to warmer and drier conditions with a significantly higher productivity in Italy than in France and the U.K., whereas P. trichocarpa 'V24' was less productive in Italy compared with the other sites.
Genotype × environment interactions All G × S interactions were significant, with values > 10% of the phenotypic variance for number of sylleptic branches for the D × T family (Table 6) . However, these values were globally lower than those of the site effects and thus, site effects were not hidden by G × S interactions and could be interpreted. Site effects were more important for the D × N family than for the D × T family. Relative ecovalence values showed that interaction effects were generally a result of the plasticity of the two families in response to the different sites and were not associated with one site in particular, with the exception of growth traits of the D × N family for which G × S effects were a result of the particular response of the family at the Italian site. As shown by the high significance (P ≤ 0.001) of the Spearman rank coefficients calculated on a genotypic mean basis between the three sites, two by two, classification of the genotypes for all other traits of both families was stable between sites (Table 7; Figure 3 ).
Relationships between traits
Plant growth and sylleptic branch characteristics showed significant phenotypic correlations, but these depended on sites and families. The number of sylleptic branches showed the highest genetic correlations with plant growth traits (Table 8) Stem volume was used as a surrogate for productivity and the predicted gains for stem volume were estimated (1) from direct selection; (2) from indirect selection for stem height, circumference, number of sylleptic branches or distance to the top of the stem of the highest sylleptic branch; and (3) from the association between the previously mentioned traits ( Table 9) .
Irrespective of the site and family, the best predictors of stem volume were stem height and circumference (Tables 9A  and 9B ). Despite their relatively high heritabilities (H 2 genotype ), genetic correlations between stem volume and sylleptic branch characteristics were weak (Tables 5 and 8) . Consequently, the genetic gain when selection was based on the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com number of sylleptic branches or on the distance from the top of the stem of the highest sylleptic branch was divided by 2 to 7. However, the genetic gain for stem volume when selection was based on the number of sylleptic branches was close to the genetic gain when selection was made directly on stem volume or indirectly on stem height or circumference in Italy for the D × N family and in France for the D × T family. For the association of traits, a significant gain in precision was observed for the D × N family in Italy and for the D × T family in the U.K., when the number of sylleptic branches was associated with stem volume, height and circumference (Table 9C) , perhaps because growth of the two families was maximal at these sites.
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Discussion
Tree structure and growth
Irrespective of site, growth of the D × T family was superior to that of the D × N family. In the absence of pathogens, hybrids from the cross between P. deltoides and P. trichocarpa are known for their vigorous growth, probably owing to their relative proximity to their respective ancestor botanical sections (Aigeiros and Tacamahaca, respectively) Stettler 1985, Soulères 1992) . Populus trichocarpa is adapted to a typical oceanic climate (mild and wet); in particular, the leaf structure of this species is adapted to diffuse light regimes having a thick spongy mesophyll and low stomatal control (Scarascia-Mugnozza et al. 1986 , Schulte et al. 1987 , Drew and Chapman 1991 . In contrast, P. nigra is a pioneer species, conferring on its progeny high tolerance to environmental constraints at the expense of growth performance. This is evident in the poor performance of the P. trichocarpa parent in Italy, where climatic conditions (warmer and drier site) were less favorable than at the other sites, and in the good growth of the P. nigra parent in Italy compared with the other sites. Thus, conditions at the Italian site are more favorable for the maximal expression of variability for the D × N family and less favorable for the D × T family. Despite these between-family differences, both families displayed positive hybrid vigor. Heterosis within the Populus genus is commonly observed (Zsuffa 1973 , Li and Wu 1997 , Pearce et al. 2004 . When soil and irrigation conditions are favorable, D × T hybrids commonly display a biomass production twice that of their parents Stettler 1985, Ranney et al. 1987) . We found that heterosis was often more pronounced for the D × N family than for the D × T family in the U.K., whereas heterosis was more pronounced for the D × T family than for the D × N family in Italy. This is because of the inversion of male parent performances at one site compared with the other two sites. Higher heterosis was observed for stem volume than for height and circumference, because volume is a multiplicative function of the two growth component traits, and heterosis of component traits is amplified to produce much greater heterosis in the composite trait (Li and Wu 1997) . Pearce et al. (2004) recently showed that hybrid vigor for primary growth in a P. deltoides × P. trichocarpa family was the result of the complementation of dominance for increased internode length from the P. trichocarpa parent and dominance for increased diameter growth from the P. deltoides parent.
The families differed in sylleptic branchiness. The D × T family had a greater number of sylleptic branches, distributed more densely and along a larger proportion of the stem length than the D × N family. When distances were expressed as percentage of stem length, branchiness started earlier (lower on the stem) and stopped later (higher on the stem) for the D × T family than for the D × N family. Wide diversity in the syllepsis phenomenon among clones belonging to the same species has been reported: sylleptic branches can be produced during the entire growing season as well as primarily at the beginning or end of the season (Ceulemans et al. 1989a , 1989b , Ceulemans 1990 ). Moreover for the studied species, shoots of P. trichocarpa are known to be prone to syllepsis, whereas those of P. deltoides are largely proleptic. The F 1 hybrids species generally exhibit intermediate numbers of branches and combine both branch types , Ceulemans et al. 1992 .
In our study, sylleptic branch characteristics were strongly linked to 1-year-old plant growth: overall, the most productive family and genotypes had a greater portion of the stem carrying sylleptic branches and these at a higher density. The positive influence of sylleptic branching on stem volume and biomass is well-known in poplar , Barigah et al. 1994 , Rae et al. 2004 . The considerable leaf area carried by sylleptic branches exports carbon mainly to the main stem and roots, whereas main stem leaves contribute 942 MARRON ET AL.
TREE PHYSIOLOGY VOLUME 26, 2006 much to the height growth of the tree (Scarascia-Mugnozza et al. 1999) . The balance between production of photosynthetic leaf area and energy investment in sylleptic branches may explain the more pronounced role of sylleptic branches in determining productivity in poplar (Wu 1994a (Wu , 1994b . However, growth vigor and sylleptic branching seemed to have a similar genetic basis only for the D × N family, as shown by the similarity between genetic and residual correlations for this family only (data not shown).
The studied traits demonstrated moderate to high broad sense heritability at the three sites, illustrating that the share of variation that could be explained by genetic variation was relatively high for growth as well as for sylleptic branch traits. Number of sylleptic branches and the pattern of branchiness are known to be under moderate to strong genetic control in Populus (Wilcox and Farmer 1967 , Nelson et al. 1981 , Dunlap and Stettler 1998 . Compared with the values we calculated, higher values of heritabilities (H 2 individual ) for both growth and sylleptic branch traits were reported by Rae et al. (2004) in the F 2 hybrids of a D × T family; however, modest values have also been reported for the F 1 and F 2 hybrids of the same family, as well as for different families (Li and Wu 1997 , Wu and Stettler 1998 .
Based on the moderate to high values of heritability and coefficients of genetic variation as well as strong correlations with stem growth, sylleptic branches appear to be a promising phenotype for improvement of selection programs of highyielding genotypes and have already been incorporated in the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 6 for the corresponding Spearman coefficients.
formulation of the poplar breeding ideotype. However, in our study, genetic gains when selection was based on syllepsis were largely reduced when compared with selection based directly on stem volume or indirectly on stem height and circumference. Even when sylleptic traits were used as associated characters for selection, the gain in precision was weak except when growth conditions were favorable for the development of sylleptic branchiness (e.g., in Italy for the D × N family and in the U.K. for the D × T family). Because of the additional cost represented by the measurement of these characters, the usefulness of sylleptic branchiness for indirect selection appears to be of limited value in both families.
Genotype × environment interactions and plasticity
The responses of most traits to environmental conditions at the three sites documents once more the remarkable phenotypic plasticity of poplar (Wu and Stettler 1998) ; furthermore, the responses of both families and of their respective male parents to the sites differed. For the D × T family and its P. trichocarpa male parent, growth performance decreased from the north to the south: mild and wet English conditions seemed to be more favorable for growth and sylleptic branch formation than warm and dry Italian conditions. In contrast, for the D × N family and its P. nigra male parent, performance was best at the Italian site and worst at the intermediate French site, suggesting that the growth performance of P. trichocarpa and its progeny is influenced more by environmental conditions than that of P. nigra and its progeny. Despite these differences between families, both families displayed significant heterosis depending on their location and the variable performances of their parents. It has been hypothesized that hybrids are developmentally more stable across different environments because they combine the specific biochemical pathways of both parents (Barlow 1981, Clare and Luckinbill 1985) . The observed heterosis of the hybrids under adverse conditions, therefore, probably results from their increased capacity to buffer environmental variation.
The Spearman rank coefficients between clonal means at the three sites were positive, moderately high and significant, but also less than unity. Hence, there were changes in the ranking of clones between the three sites, but no general genotypic trade-off in performance. So, despite the strong environmental influence, the general classification of the genotypes for all traits at the three sites was maintained. Genotype × environment interactions affected the difference between genotypes (in a different way for both families), but not the genotype ranking. 944 MARRON ET AL.
TREE PHYSIOLOGY VOLUME 26, 2006 Table 9 . Expected selection response (R, %) for stem volume when selection is directly made on stem volume (A) or indirectly on height, circumference, number of sylleptic branches or distance from the top of the highest sylleptic branch (B) and heritability (H 2 genotype ) gain of volume when selection is made by associating the previously cited traits (C). For the latter, the gain in terms of number of replicates is indicated in parentheses. Abbreviations: Vol = volume; Circ = circumference; Hgt = height; Syl = number of sylleptic branches; and Top = top distance. 
Conclusions and breeding implications
In general, genetic variation in sylleptic branchiness appears to be more important than genetic variation in stem growth. In addition, plasticity, defined as the degree of phenotypic variation under different environmental conditions, is more marked for syllepsis than for stem growth. The genetic gain for stem volume when selection is made on sylleptic branch traits almost equals the genetic gain for stem volume when the selection is made directly on stem volume or on stem height and circumference only when environmental conditions are the most favorable for the particular family (i.e., Italy for the D × N family and France or the U.K. for the D × T family). Thus syllepsis (or more precisely, leaf area carried by sylleptic branches) contributes significantly to stem growth when its expression is not limited by suboptimal environmental conditions. Variation in expression of syllepsis and, consequently, its more or less obvious relationship to stem growth as a function of the environment are at least partly responsible for the high plasticity of poplar to different environments and are involved in the observed genotype by environment interaction.
Despite moderate values of heritability associated with strong genetic correlations with growth traits, no improvement in genetic gain was observed when selection was based on syllepsis. Sylleptic branchiness appeared not to be a relevant criterion for indirect selection for biomass production in either the D × T or D × N family, except in cases where growth conditions are favorable for growth and development of sylleptic branchiness.
Strong G × S interactions notwithstanding, selection of good performers, based on growth traits or sylleptic branch traits, conducted at one site would yield essentially the same result if conducted at other sites regardless of the differential expression of genotypes among sites. This conclusion, in combination with the high heterosis and genetic variability exhibited by both families at the three sites, implies that there is potential for the further selection of superior hybrids poplars. The D × T family is more productive and shows larger within-family segregation than the D × N family, which exhibits more important genetic variability, especially under warmer and drier conditions. The families also differ in that growth and syllepsis seemed to be more closely genetically correlated for the D × N family than for the D × T family.
